Abstract. The preconditions and early steps of meiotic chromosome pairing were studied by fluorescence in situ hybridization (FISH) with chromosome-specific DNA probes to mouse and human testis tissue sections. Premeiotic pairing of homologous chromosomes was not detected in spermatogonia of the two species. FISH with centromere-and telomere-specific DNA probes in combination with immunostaining (IS) of synaptonereal complex (SC) proteins to testis sections of prepuberal mice at days 4-12 post partum was performed to study sequentially the meiotic pairing process. Movements of centromeres and then telomeres to the nuclear envelope, and of telomeres along the nuclear envelope leading to the formation of a chromosomal bouquet were detected during mouse prophase. At the bouquet stage, pairing of a mouse chromosome-8-specific probe was observed. SC-IS and simultaneous telomere FISH revealed that axial element proteins appear as large aggregates in mouse meiocytes when telomeres are attached to the nuclear envelope. Axial element formation initiates during tight telomere clustering and transverse filament-IS indicated the initiation of synapsis during this stage. Comparison of telomere and centromere distribution patterns of mouse and human meiocytes revealed movements of centromeres and then telomeres to the nuclear envelope and subsequent bouquet formation as conserved motifs of the pairing process. Chromosome painting in human spermatogonia revealed compacted, largely mutually exclusive chromosome territories. The territories developed into long, thin threads at the onset of meiotic prophase. Based on these results a unified model of the pairing process is proposed. p AIRING of homologous chromosomes during meiotic prophase of sexually reproducing organisms culminates in the formation of the synaptonemal complex (SC) 1 (for reviews see von Wettstein et al., 1984; Giroux, 1988 ). The SC is composed of axial elements (cores) that connect sister chromatids along their entire length. These become lateral elements when they get interconnected by transverse filaments to result in the well-known tripartite SC structure (Schmekel and Daneholt 1995) . While chromosome pairing and meiotic recombination Address all correspondence to H. Scherthan,
lomere FISH revealed that axial element proteins appear as large aggregates in mouse meiocytes when telomeres are attached to the nuclear envelope. Axial element formation initiates during tight telomere clustering and transverse filament-IS indicated the initiation of synapsis during this stage. Comparison of telomere and centromere distribution patterns of mouse and human meiocytes revealed movements of centromeres and then telomeres to the nuclear envelope and subsequent bouquet formation as conserved motifs of the pairing process. Chromosome painting in human spermatogonia revealed compacted, largely mutually exclusive chromosome territories. The territories developed into long, thin threads at the onset of meiotic prophase. Based on these results a unified model of the pairing process is proposed. p AIRING of homologous chromosomes during meiotic prophase of sexually reproducing organisms culminates in the formation of the synaptonemal complex (SC) 1 (for reviews see von Wettstein et al., 1984; Giroux, 1988 ). The SC is composed of axial elements (cores) that connect sister chromatids along their entire length. These become lateral elements when they get interconnected by transverse filaments to result in the well-known tripartite SC structure (Schmekel and Daneholt 1995) . While chromosome pairing and meiotic recombination Armstrong et al., 1994; Cheng and Gartler, 1994; Dawe et al., 1994) . How this process is accomplished and what its general topological prerequisites are is still a matter of debate (e.g., Maguire, 1988; Loidt, 1990; Kleckner and Weiner, 1993; Moens, 1994) .
Centromeres (kinetochores; for review see Rickards, 1981) and telomeres (for reviews see Gilson et al., 1993; Ashley, 1994; Blackburn, 1994) have been considered as key structures of meiotic chromosomes. A solid body of cytological investigations indicates that they play an important role in the chromosome pairing process at meiosis (Rhoades, 1961; Rasmussen and Holm, 1980; Fussell, 1987; Dernburg et al., 1995) .
Recently, it has been shown that at induction to meiosis, telomeres of Schizosaccharomyces pombe chromosomes attach to the spindle pole body (the equivalent of the centrosome of higher eukaryotes) of the parental nuclei and lead chromosome movements that persist throughout karyogamy and the entire meiotic prophase (Chigashige et al., 1994 , Svoboda et al., 1995 . In diploid S. pombe strains homologues occupy joint territories during vegetative growth, while telomere clustering is the first meiosisspecific event at the onset of azygotic meiosis . The resulting bouquet configuration is maintained throughout the entire prophase and is thought to be a prerequisite for meiotic chromosome pairing and the high level of meiotic recombination in this asynaptic organism (for review see Kohli, 1994) . Bouquet formation (telomere clustering) seems to be a consistent motif of the pairing process of nearly all eukaryotic species of different kingdoms studied so far (Fussell, 1987; Dernburg et al., 1995) . It has been proposed that it "might support the sort out process of homologs prior to their actual pairing" (Therman and Sarto, 1977) , but its role in the pairing process has remained enigmatic (see Loidl, 1990 ).
As we are interested in the preconditions and course of meiotic chromosome pairing, we have undertaken an investigation of the meiotic pairing process in three-dimensionally preserved meiocytes from paraffin testis sections of Mus musculus. The mouse was chosen as a model because its spermatogenesis is well-characterized (e.g., Oakberg, 1956; Bellv6 et al., 1977a,b; Oud and Reutlinger, 1981; Dietrich and de Boer, 1983; de Rooij, 1988) and commences in the postnatal mouse fairly synchronously (Bellv6 et al., 1977b; Kluin and de Rooij, 1981; Goetz et al., 1984; Vergowen et al., 1991) . The histological context in combination with fluorescence in situ hybridization (FISH) and immunostaining patterns was exploited to identify meiotic stem cells and meiocytes. FISH experiments with telomeric, centromeric, and chromosome-8-specific subregional DNA probes carried out on prepuberal and adult mouse testis tissue sections (Scherthan and Cremer, 1994) revealed sequential changes of centromere and telomere positions during the onset of meiotic prophase. Immunostaining of SC proteins (Offenberg et al., 1991; Meuwissen et al., 1992 , Lammers et al., 1994 in combination with telomere FISH in the same cells showed that telomere movements are associated with the onset of synaptic chromosome pairing.
Human testis tissue sections were also analyzed by FISH with telomere and centromere probes. The results were compared with the mouse data and revealed telomere movements and pre-bouquet centromere movements as conserved topological motifs of the pairing process in the distantly related mammals. Painting of chromosomes 1 revealed rather compact, predominantly separate territories in human spermatogonia. In spermatocytes I these underwent a dramatic change in shape and developed into the well-known, threadlike prophase chromosomes.
Materials and Methods

DNA Probes and Labeling
Mouse chromosome-8-specific, repetitive subsatellite DNA clones (Boyle and Ward, 1992 ) and a repetitive, chromosome 12-specific suhsatellite DNA probe were kind gifts of D.C. Ward (Yale University, New Haven, CT). Human chromosome 1-specific plasmid library (pBS1; Collins et al., 1991) was kindly provided by J.W. Gray, DMC, UC San Francisco, CA. Human chromosome 1-specific subregional probe pUC 1.77 (Cooke and Hindley, 1979 ) was used to probe for region 1q12.
A 42met deoxynucleotide oligomere homologous to the pericentromeric mouse major satellite (Scherthan and Cremer. 1994 ) and a cloned human alpha satellite DNA probe located at all human centromeres (Mitchell et al., 1985) were used as the probes for centromeric heterochromatin in the respective species. (TTAGGG)7/(CCCTAA)7 oligomeres (Moyzis et al., 1988) were used to illuminate mouse and human telomeres. Specificity of oligomeres was confirmed by FISH to metaphase chromosomes (not shown).
Labeling of oligomeres with biotin-16-dUTP or digoxigenin-11-dUTP (both Boehringer Mannheim, Inc., Mannheim, Germany) by terminal tailing was performed as described (Scherthan and Cremer, 1994) . Plasmid DNA was labeled with biotin-14-dATP (Life Technologies, Inc., Gaithersburg, MD) or digoxigenin-ll-dUTP (Boehringer Mannheim, Inc.) using a nick translation kit (Life Technologies, Inc.) according to the instructions of the supplier.
Tissue Origin and Processing
Several adult and prepuberal male BALBc mice (d 4, 6, 8, 10, 12 postpartum [pp] ) (stocks of the Institute of Anatomy, University of Freiburg, Germany) were killed and transcardially perfused with 4% paraformaldehyde/PBS for 15 min. Testes were removed and embedded in paraffin following standard procedures. Human testis tissue obtained by biopsy was fixed for 4 h in phosphate buffered formaldehyde (4%). Thereafter, tissue was embedded in paraffin, and 8-15-~m sections were cut from paraffin blocks and floated on a clean 37°C water bath. They were picked up with 3-aminotriethoxy-propylsilane-(Merck Darmstadt, Germany) coated s[ides and air-dried for >30 rain at 65°C (for details see Scherthan and Cremer, 1994) .
Immunostaining of SC Proteins
Polyclonal antisera against rat lateral element antigens of 30 and 33 kD (Lammers et al., 1994) and transverse filament proteins (SCP1; Meuwissen et al., 1992) of the rat SC were used to stain mouse SC proteins. The appearance of these proteins in rat meiosis is stage specific (Heyting et al., 1988; Dietrich et al., 1992) , and the specificity of rat SC antisera to mouse SCs has been demonstrated (Moens et al., 1987) . Immunostaining of these proteins in mouse testis paraffin sections was performed in sections deparaffinized in xylene and rehydrated through a decreasing ethanol series. Sections were pepsin digested (Sigma Chemical Co., St. Louis, MO: 1013 ~g/ml H20, pH 2.0) for 30 rain at 37°C and postfixed in 1% formaldehyde/ PBS for 5 min. After a brief wash in PBS, excess liquid was drained and antibody solution (rabbit anti 30 + 33-kD polyclonal serum diluted 1/50 in PBS, 0.1% Tween 20) was applied. After incubation for 30 rain at 37°C and three 3-min washes in PBS, a secondary goat anti-rabbit Cy3-conjugated antibody (Vector Laboratories, Inc. Burlingame, CA; diluted 1/500 in PBS) was added to the preparations. After a final wash in PBS slides were mounted in antifade solution (Vector Laboratories, Inc.). After microphotography, slides were washed in PBS and subjected to FISH without further pretreatment. In some experiments FISH was performed first and hybrid molecules and SC proteins were detected simultaneously with the respective antibodies.
lmmunostaining reactions to nonmeiotic cells of mouse tumor cell lines as well as immunostaining (IS) without the first antibody were performed as negative controls (not shown). Furthermore, nonmeiotic cells (Leydig and Sertoli cells) within testis sections were monitored for background staining.
In Situ Hybridization to Tissue Sections and Probe Detection
Pretreatments as well as fluorescence and electron microscope in situ hybridization to paraffin tissue sections were performed as described in detail by Scherthan and Cromer (1994) .
Light Microscopic Evaluation
Preparations were evaluated using an epifluorescence microscope (Axioskop; Carl Zciss Jcna, Inc., Jena, Germany) equipped with single and double band pass filters for excitation of blue and for simultaneous excitation of red and green fluorescence (Chroma Technologies, Brattleboro, VT). Microphotographs were recorded on color slide film (Elite 400; Eastman Kodak Co., Rochester, NY). Three-dimensional evaluation of hybridized nuclei was performed in most experiments by careful focusing through the nuclei using a 100× plan neofluor lens (for an example see Fig. 7 , c and y0. In some cases light optical serial sections were obtained with a confocal laser scanning microscope (Carl Zeiss Jena, Inc.). In the latter case red and green fluorescence was exited with an argon laser at 488 nm and a helium neon laser at 534 nm, respectively.
Transmission Electron Microscopy
After in situ hybridization and HRP/DAB detection tissue sections were embedded in a layer of Epon. This layer was removed from the glass slide by repeated freezing and thawing in liquid nitrogen. Section fragments were reblocked in Epon. Ultrathin sections were cut on an ultratom S (Leica, Inc., Stuttgart, Germany) using a diamond knife and transferred to EM grids. For details see Scherthan and Cromer (1994) . Photographs were taken on an electron microscope (EM 10; Carl Zeiss Jena, Inc.).
Results
Identification of CeUs in Testis Tissue Sections by Histological Context, FISH, and SC Immunostaining Patterns
In testis tissue sections meiotic stem cells (spermatogonia) were identified by their close association with the tubule membrane. A-type spermatogonia exhibit an elliptical nucleus, while a second category of cells associated with the basement membrane exhibits a more round nucleus. The latter category includes cycling A-type, I-type, B-type, and resting primary spermatocytes before the onset of premeiotic S-phase (early preleptotene) (e.g., de Rooij, 1988; Vergouwen et al., 1993 , and references therein). Early preleptotene cells perform premeiotic DNA replication and enter meiotic prophase I. Postreplication preleptotene spermatocytes were classified as mid-preleptotene. They could be identified by their unique centromeric satellite DNA distribution (with sat-DNA compressed to the nuclear envelope) and the occasional appearance of signal doublets with the chromosome-8-specific probe (see below). Late-preleptotene cells were identified by peripheral telomere signal distribution, separate chromosome-8-specific repeats, and the presence of intranuclear axial element protein aggregates (see below). A classical leptotene stage with complete, unpaired axial elements has not been detected in this and earlier investigations on meiotic prophase of the male mouse (e.g., Oud and Reutlinger, 1981; Dietrich and de Boer, 1983; Guitart et al., 1985) , thus it is not referred to hereafter.
Zygotene cells are located distant from the basement membrane and were identified by peripheral telomere signals, SC immunostaining, and an increased nuclear diameter. Measurements of nuclear diameters of transverse filament immunostained nuclei from paraffin sections (not shown) revealed that zygotene nuclei exhibited a mean diameter of 9.1 ± 0.6 txm (based on 61 nuclei). Pachytene nuclei are most abundant in testis sections. They were identified by peripheral telomeres and satellite clusters, SC immunostaining (showing a sex vesicle), and a further increase of the nuclear diameter to 12.5 _ 0.86 Ixm (based on 55 nuclei). The varying numbers of nuclei studied at different stages during earliest meiotic prophase generally reflect the frequency with which these stages were encountered in the tubuli studied. For rare events, e.g., full bouquet stage, more tubuli were scrutinized than for the more abundant stages (e.g., pachytene).
Homologous Chromosome-8 SubsateUite Domains Are Not Aligned in Mouse Spermatogonia
The first set of experiments addressed the question of whether there is a somatic association of homologous chromosomes in spermatogonia of the mouse. To investigate this issue, a mouse chromosome-8-specific subsatellite repeat was hybridized in situ to testis tissue section nuclei of adult mice. Signals generated by FISH with the chromosome-8-specific probe were classified as unpaired when the two signal boundaries were separated by more than the diameter of one signal (>1 /xm). Nuclei with signal boundaries separated by less than one signal diameter (<1 p~m) but not touching each other were scored as aligned. This category accounts for nuclei with homologous regions in spatial proximity, because contacts of homologue territories outside the illuminated regions go unnoticed. Nuclei with signals that touched each other or had fused into a single, large signal spot were classified as paired, as this signal configuration indicates physical interaction of the chromatin of the illuminated homologous regions.
Two separated signals were observed in 91% of A-type spermatogonia (n = 65), while 9% displayed aligned signals (Table I) . Round spermatogonia (spermatogonia developing toward the spermatocyte stage) exhibited separated signals in 86% of cells (n = 79), while 10% displayed aligned signals ( Fig. 1 ; Table I ). One signal was observed in three nuclei, possibly representing truncated nuclei (Hopman et al., 1991) . Mid-preleptotene nuclei, as identified by their peripheral satellite DNA distribution (see below), displayed separate signals in 96% of cells (n = 25; see Fig. 4 b) , while 4% exhibited aligned signals (Table I) .
High levels of pairing were first detected in zygotene nuclei (n = 68) as identified by axial element protein immunostaining. Paired signals were present in 72% of nuclei, while 28% of nuclei showed aligned signals. Pachytene spermatocytes I displayed paired signals in all nuclei (n = 70) investigated (Table I) . Furthermore, a change in signal morphology was observed. Spermatogonia exhibited rather compact, round signals with a mean diameter of 1.0 ± 0.17 I~m (n = 45 signals). In mid-preleptotene spermatocytes the mean diameter increased to 1.26 +-0.29 Ixm (n = 12; analysis was restricted to round signals). In zygotene nuclei signal diameter increased to a mean of 1.49 _ 0.29 ixm (n = 29). In pachytene nuclei signals displayed an even more decondensed morphology, often seen as an elongated signal cloud or two signal clouds touching each other (Fig. 1) . The latter most likely represent the chromatin loops of the two homologues attached to their common SC core. At their maximum extension signal clouds measured 2.66 __+ 0.56 I~m (n = 29). One highly compacted signal was generally observed in spermatids (1.0 __+ 0.11 i~m; n --35) and sperm heads (0.79 +__ 0.21 ~m; n = 22) ( Fig. 1 ) reflecting chromatin compaction during spermiogenesis.
To test whether the chromosome-8-specific signal distribution is representative for a general premeiotic chromosome topology, FISH with a mouse chromosome-12-specific subsatellite repeat was performed to testis sections (not shown). Separate signals were present in 84% of sper- matogonia analyzed (n = 25), while 12% displayed aligned signals and 2% showed paired signals.
Chromosome I Territorries and Centromeres Are Not Aligned in Human Spermatogonia
To investigate the state of homologue pairing in human meiotic stem cells as well, we delineated chromosome 1 territories by chromosome painting in spermatogonia from human paraffin testis tissue sections (Fig. 2, a-c) . In a total of 23 well-hybridized spermatogonia, 78% displayed two compact chromosome territories, that were separated by unstained chromatin (Fig. 2 a) . FISH with a human chromosome-l-specific, subcentromeric (lq12) repeat probe (pUC1.77) showed that out of 96 spermatogonia analyzed 82% displayed separate signals, while 18% showed aligned signals. This signal distribution indicates that homologues in human spermatogonia are predominantly separated. Furthermore, it is apparent that the distribution patterns obtained by FISH with centromere probes reveal comparable results to the ones obtained by chromosome paint probes from the same chromosome, and thus are a good marker for premeiotic chromosome distribution. The chromosome 1 painting analysis furthermore revealed that the compacted chromosome territories seen in spermatogonia ( Fig. 2 a) had developed into long, cord like territories at leptotene/zygotene, the ends of which seemed to be associated with the nuclear envelope (NE) (Fig. 2 b) . In pachytene nuclei a single signal tract meandering throughout the nucleus indicated tight pairing of homologues. The painted pachytene chromosomes often displayed a 'chromomere like' pattern ( Fig. 2 c) .
In conclusion, the results obtained in the mouse and the observations made with a repetitive and a chromosome paint probe in human spermatogonia indicate that the behavior of chromosome-specific repeat probes is representative for the general state of homologue distribution. Thus, one can conclude that homologues are variably arranged and predominantly separated in meiotic stem cells, prepuberal spermatogonia, and preleptotene nuclei.
Sequential Order of Meiotic Centromere and Telomere Arrangements and Their Relation to Prealignment Pairing and Synapsis Initiation
The drastic redistribution of chromosome-specific signals leading to their pairing at zygotene/pachytene suggested a fair amount of chromosome movement being associated with the pairing process. Previous investigations have suggested that the redistribution of centromeres and/or telomeres is associated with chromosome pairing at meiosis (e.g., Rickards, 1975; Boiko, 1983; Dawe et al., 1994) . Thus, we addressed the question whether these chromosomal domains are involved in the pairing process of the mouse by FISH with centromeric major satellite and telomere-specific probes (Scherthan and Cremer, 1994) to testis sections. The major satellite of the mouse reveals the position of mouse centromeric heterochromatin (except that of the Y chromosome; Pardue and Gall, 1970) at metaphase and interphase. Telomeres of the 40 (2n) acrocentric mouse chromosomes were stained by FISH with (TTAGGG)7 repeat (Moyzis et al., 1988) probes. Unless otherwise stated, the term telomere refers to the signals at distal as well as proximal chromosome ends. The close association of centromeric satellite D N A with the adjacent telomere allows for the identification of proximal telomeres. On a theoretical basis a maximum of 80 individual telomere signals representing the ends of the 40 chromosomes can be expected in the mouse G1 nucleus. For technical reasons, e.g., insufficient saturation of some target regions or truncation of nuclei (Hopman et al., 1991) , it can be anticipated that in some nuclei a few signals went undetected by the FISH assay. Thus, the telomere behavior described below characterizes the general behavior of these chromosomal domains during meiotic prophase.
As it is notoriously difficult to derive a sequential order of dynamic events by investigation of cells in fixed material, we performed an analysis in paraffin testis sections of mice at increasing age pp (d 4, 6, 8, 10, and 12 pp) . In the prepuberal mouse the onset of spermatogenesis is fairly synchronous (see introduction) and allows for a sequential analysis of the pairing process without drug synchronization methods. While telomere distribution in mouse and man is similar during meiotic prophase, centromere distribution is at variance. Human prophase nuclei were identified according to their centromere/telomere distribution patterns as compared to that of mouse spermatogenetic nuclei. It is evident that an equivalent stage to mid-preleptotene nuclei of the mouse (centromeric sat DNA moved to the NE; interior and peripheral telomeres) is present in human prophase. In meiocytes with exclusively peripheral telomeres, mouse centromeric major satellite DNA (due to its physical vicinity to proximal telomeres in acrocentric chromosomes) occupies a peripheral distribution. In human leptotene-pachytene meiocytes telomeres are attached to the NE (compare Rasmussen and Holm, 1978) , while c~-satellite DNA at centromeres of the predominantly submetacentric chromosomes is generally remote from the NE.
highly dynamic picture of the pairing process. In this scheme each column of nuclei reveals the representative distribution pattern of a particular probe in the respective cell type, as identified by the consecutive appearance in the prepuberal testis. As the crucial steps of the pairing process were observed in individual, fixed meiocytes from testis sections obtained at d 10 pp (late preleptotene, zygotene; see below) the combinatorial use of probes--satellite DNA staining, telomere FISH together with visualization of one of either: chromosome-8 repeats, AEPs, or TFPs in the same cell--was applied to define the sequential order of events. The findings of the various probe combinations are described below. The data of the individual experiments have been compiled in Tables II-IV, which may serve as a guide to the criteria of staging of the individual nuclei. The observed labeling patterns are described below, as if they were observed within a single meiocyte.
In some of the images presented in Fig. 4 and the following figures representative nuclei are shown. It should be noted that FISH signals outside of the nucleus of interest are a consequence of the density of cells encountered in tissue sections. Thus, these have been disregarded in the description of the images. To reveal the outline of 4'6-diamidino-2-phenylindole (DAPI)-counterstained nuclei and to study specific FISH signal patterns, we focused carefully through a large number of nuclei by conventional fluorescence microscopy. In some of the images showing nuclei with clustered telomeres, not all telomere signals are displayed exclusively at the NE as compared with the DAPI image (see e.g., Fig. 5 , e, f, and h). In these nuclei, focusing in different planes revealed that some telomere signals were slightly out of focus. They were seen at the nuclear boundary at a somewhat higher or lower focal plane. In this and the following sections we restrict the detailed description to typical nuclei of meiocytes, which can be unequivocally identified in each image.
Transition of Centromeres to the Nuclear Envelope Is the Earliest Detectable Event at the Chromosomal Level
Mouse testis sections at d 4 pp exhibit gonocytes, prepuberal A-type spermatogonia, and immature Sertoli cell nuclei (see Vergouwen et al., 1991) . FISH with pericentromeric and telomere-specific DNA probes to these cells showed numerous major satellite clusters and telomere signals at the nuclear periphery as well as dispersed throughout the nuclear interior (n = 50 cells; not shown).
Within tubuli of testis sections obtained at d 6 pp a subset of cells displayed a dramatically changed nuclear topography, i.e., their nuclei conspicuously exhibited most of the centromeric satellite DNA compressed in flakes against the NE as seen by conventional fluorescence microscopy (Fig. 4 a) and confocal laser scanning microscopy (Fig. 4 b) . This satellite distribution is typical of mid-preleptotene (see above) and has been observed in young primary spermatocytes (Oud and Reutlinger, 1981; see Fig. 7 b) . Occasionally, nuclei with one or two interior satellite DNA clusters were observed. Telomeres were distributed in the nuclear interior as well as at the NE of mid-preleptotene nuclei. Within 10% of these (n = 59), accumulations of a subset of interior, distal telomeres (not adjacent to centromeric satellite DNA) were observed (Fig. 4 b) . At d 6 pp mid-preleptotene nuclei were detected in a few tubuli of a testis cross section, where they composed 7-22% of cells/ tubule (n = 8 tubuli). At d 8 pp they were seen in most tubuli of a testis cross section and represented 9-30% of cells/tubule (n = 11 tubuli).
At d 10 pp a more advanced subset of gonocytes appeared which exhibited centromeric satellite DNA in a few bright staining clusters (2-8; n = 20) at the nuclear periphery, while telomere signals were also seen exclusively at the nuclear periphery. On the basis of these and the experiments described below such nuclei were classified as late-preleptotene.
The findings summarized above are consistent with previous reports that showed that in prepuberal mouse testis at d 8, 9, and 10 pp a substantial fraction of cells is in the preleptotene stage (Bellv6 et al., 1977b; Goetz et al., 1984) . The latter authors found 98% of prophase cells at the preleptotene stage at d 9 pp. The time course observed correlates also with findings on hydroxyurea synchronized spermatogenesis of adult mice (Dietrich and de Boer, 1983) .
Homologue Alignment Coincides with Tight Telomere Clustering at the Nuclear Envelope
To investigate further the relation of the observed centromere and telomere movements to homologue pairing, two-color FISH with telomere and a chromosome-8-specific subregional DNA probe in combination with DAPI staining of satellite DNA were performed to testis sections of d 4, 6, 10, and 12 pp mice (Table II) . At d 10 and 12 pp all cell types of the spermatogenic line up to zygotene (10 pp) and pachytene (12 pp) are present. Staging of nuclei was achieved by the histological context and the intranuclear position of satellite DNA and telomeres (see above).
In prepuberal gonocyte and spermatogonia nuclei (n = 50) telomere and chromosome-8-specific signals were distributed throughout the nucleoplasm at no obvious order (Fig.  5 a) . Mid-preleptotene cells (n ---30) showed centromeric satellite DNA pressed to the NE, while probed chromosome-8 regions were predominantly separate (Fig. 5 b ; Table II). In a subset of these nuclei (23%) the repetitive and presumably late replicating chromosome-8-specific probe produced signal doublets (Fig. 5 b) , which is indicative for replicated target DNA (Selig et al., 1992) . In contrast to somatic G2 nuclei, replicated meiotic chromosomes have their sister chromatids tightly associated, which in the majority of nuclei causes signal spots on sisters to coalesce into a single signal Weiner and Kleckner, 1994) .
At d 10 pp testis cross sections of 31 out of 152 tubuli investigated contained 3--8 early prophase cells (late preleptotene-zygotene), that could be identified by their apparently brighter DAPI staining (4C DNA content), peripheral satellite DNA clusters, and peripheral telomere distribution patterns. Various motifs of telomere clustering with respect to pairing of the chromosome-8 signals (Fig. 5, c-h ) were observed in these cells (Table II) .
Late preleptotene/early zygotene (for staging see Fig. 3 A and below) cells showed various degrees of clustering of peripheral telomeres (bouquet formation). In such nuclei * In 10% of these nuclei a subset of interior telomeres was seen in aggregation (compare Fig. 4 b) . ~23% of chromosome 8 signals were detected as doublets (see Fig. 5 b) . ~Chromosome 8 repeat signals served as indicator for pairing. Occasional association of chromosome 8 signals in late-preleptotene nuclei could not be accounted for in this experiment. See Table II1 and triple labeling experiment in Fig. 7 for discrimination criteria. 1The characteristic telomere and satellite DNA distribution and the histological context served as stage markers for zygotene and pachytene cells (see Fig. 3 and text for details).
chromosome-8 markers were separate, while satellite DNA (associated with proximal telomeres) formed 4-8 peripheral clusters (n --20) (Fig. 5, c-h ). Closely aligned or fused chromosome-8 signals indicated the onset of chromosome pairing in nuclei (n = 6) with tightly clustered telomeres (Fig. 5 g ; Table II ). In these nuclei centromeric satellite DNA formed a large chromocenter. 5 out of 32 tubull investigated contained 2-5 cells that exhibited a full bouquet stage. Post-bouquet zygotene and pachytene nuclei exhibited tightly paired chromosome-8 signals and exclusively peripheral telomeres (Table II) . Groups of telomeres were seen in dispersion from the cluster site along the NE, while the huge chromocenter, seen at tightest telomere clustering was split up (Fig. 5, i, and j) . In pachytene spermatocytes CLSM analysis (not shown) revealed the presence of 5-10 peripheral satellite clusters (n = 30), while telomeres remained attached to the NE (see Fig. 5 j, also 9 d). Exclusively peripheral telomeres have also been shown by serial section EM of mouse zygotene and pachytene nuclei (Glamann, 1986) . Although neighboring prophase cells are part of a symplast that is believed to pass through spermatogenesis synchronously (e.g., Dym and Fawcett, 1971) , these showed different degrees of telomere clustering (Fig.  5 g ). This finding suggests bouquet formation to be a rapid, transient motif of the pairing process.
Tight Telomere Clustering Coincides with Axial Element Formation and Synapsis Initiation
To study further the relation of telomere movements to the onset of synapsis immunostaining of axial element proteins (AEPs) and transverse filament proteins (TFPs) was combined with telomere FISH in nuclei from paraffin testis sections of mice at d 10 and 12 pp. Mouse AEPs were immunostained using a polyclonal antiserum to 30 + 33-kD proteins of rat axial elements (Lammers et al., 1994) . In rat meiocytes AEPs can be detected from leptotene/zygotene on up to diplotene (Offenberg et al., 1991) . Within early-prophase oocytes they appear in large aggregates that often persist throughout prophase . In the mouse we made the following observations: spermatogonia and mid-preleptotene spermatocytes (Fig.  6 a) as well as Sertoli cells (not shown) were negative for immunostaining. Few large aggregates of immunopositive material of AEPs were first detected in late preleptotene cells (n = 37) as identified by exclusively peripherally distributed telomeres and few DAPI bright satellite DNA clusters (Fig. 6 b-d ; Table III ). When the cytoplasm was not completely removed, the surface of prophase nuclei was intensely stained by the AEP antibodies (e.g., Fig. 6 , b and f).
Late-preleptotene nuclei (n = 10) exhibiting various degrees of clustered, peripheral telomeres showed interior antigen aggregates (Fig. 6 b) , sometimes close to the cluster site (Fig. 6 d) . In early-zygotene nuclei with telomeres in close association with each other (complete bouquet; n = 5), AEPs were seen in dispersion from the aggregates into the chromosomal chromatin, forming foci and short stretches of axial elements (Fig. 6 e) . Nuclei exhibiting a more advanced formation of axial/lateral elements (zygotene, n = 5) showed two proximal telomere clusters, as identified by their association with DAPI bright chromocenters, remote from the cluster site (Fig. 6 f; compare also Fig. 8 b and c) .
In zygotene nuclei post-bouquet (n = 50), some telomeres remained at the cluster site, while others were dispersed over the NE. AEP aggregates were no longer visible (Fig. 6land g; Table III ). In few nuclei a subset of SCs was still aligned in parallel near the cluster site (Fig. 6 g ). Pachytene nuclei (d 12 pp; n = 50) showed extensive synapsis with SCs, attached via their telomeres to the NE, meandering throughout the nuclear lumen (Fig. 6 h) . In the vast majority of nuclei polarization of the prophase chromosomes was no longer apparent. Association of the centromeric satellite DNA led to the formation of a few, large and peripheral chromocenters (Fig. 6 h) . These findings are in agreement with observations from serial sectioned mouse meiocytes (Glamann, 1986) .
A triple labeling experiment was performed to reveal the position of AEPs, chromosome-8 repeats, and telomeres in the same bouquet cells. In such a cell peripheral telomeres concentrated at the cluster site, chromosome-8 signals were paired near a huge chromocenter, while immunostaining revealed foci and short stretches of AEPs (Fig. 7, a-c were distributed over a limited area of the NE (Fig. 7, d-f ). These cells were identified as early zygotene by the absence of prominent AEP clusters and the presence of paired chromosome-8 signals.
Synapsis Initiates during the Bouquet Stage
TFPs (SCP1; Meuwissen et al., 1992) appear in synapsed regions of the SC (Offenberg et al., 1991) . Their simultaneous detection in conjunction with telomere FISH was also performed to study telomere positions in relation to synapsis initiation. Before bouquet formation cells were negative for TFP immunostaining in our experiments (not shown). In few early zygotene nuclei with tightly clustered telomeres, TFPs were detected in small aggregates and short stretches of SCs (n = 4) (Fig. 8 a; Table IV ). Few zygotene cells with prominent telomere clusters were observed (n = 4), which, like in previous experiments, exhibited two peripheral clusters of proximal SC ends relocated from the bouquet base (Fig. 8, b-c) . Cells (n = 50) with intense SC immunostaining and asymmetrically distributed telomeres were also detected (Fig. 8 d) . In pachytene nuclei telomeres were distributed over the NE (Fig. 8 e) . In summary, these findings indicate that synapsis initiates during the time of telomere clustering, which has been observed in most organisms investigated (see Dernburg et al., 1995) .
Centromere and Telomere Distribution in Spermatogenic Nuclei of the Adult Mouse Testis
The intranuclear distribution patterns of centromeric satellite DNA and telomeres established for the various cell types of the prepubertal mouse were observed in cells of the adult testis as well (Fig. 9, a-d) . Spermatogonia with elliptical (A-type) and round nuclei (see above) exhibited numerous dispersed satellite DNA clusters and telomere signals throughout the nuclear lumen (Fig. 9, a and d) . This resembles the distribution observed in prepuberal gonocytes. Spermatogonia (n --25) from air-dried testis suspensions revealed 14-31 satellite clusters suggesting the association of centromeric heterochromatin. At a higher resolution, transmission electron microscopy in situ hybridization (TEM-ISH) showed some of the peripheral satellite clusters in intimate contact with the NE (Fig. 10 b) indicating association of these sequences with the nuclear lamina or nuclear envelope. A hybridization pattern exhibiting a Rabl orientation, i.e., adjacent satellite DNA clusters limited to the "Polfeld" and, on the opposite side of the nucleus, clustered distal telomeres representing the "Gegenpolfeld" (Rabl 1885) , was only observed twice in the several hundreds of nuclei investigated (not shown). These nuclei most likely represented cells with polarized anaphase chromosomes. Within a subset of nuclei the typical mid-preleptotene FISH pattern was observed as well (Fig. 9 b) . Such nuclei have previously been described within adult testis tubuli at stage VIII of the cycle of the seminiferous epithelium which corresponds to the onset of meiotic prophase (Oud and Reutlinger, 1981; Dietrich and de Boer, 1983) . Zygotene nuclei that are also detected in late stage VIII tubuli (e.g., Oud and Reutlinger, 1981) exhibited exclusively peripheral telomeres and centromeric satellite DNA clusters. Full bouquet cells with telomeres clustered were observed at a low frequency among zygotene cells (2 out of 154) (Fig. 9 c) . Pachytene spermatocytes showed centromeric satellite DNA in 5-10 large, peripheral satellite clusters (n = 50), while telomeres were dispersed exclusively over the NE (Fig. 9 d) . At a higher resolution, TEM-ISH revealed telomere hybridization signals at proximal and distal ends of the SCs (Fig. 10 c) . The signals located at the interface of the differentially electron dense chromatin and cytoplasm, i.e., the position of the NE, (Fig. 10, c and d) indicating an intimate association with it. Nuclear envelope-anchored proximal SC ends were often located in close vicinity to other proximal SC ends, such that the DNA loops of the heterochromatin formed a common chromocenter (Fig. 10 d) . Strictly peripheral telomere distribution was also confirmed by CLSM (not shown) and is consistent with results from serial section EM of mouse zygotene and pachytene spermatocytes (Glamann, 1986) .
Besides ceils of the spermatogenic line, Sertoli cells, the supportive cell lineage of spermatogenic cells, are frequently encountered in testis tissue sections. Sertoli cells of the adult testis exhibit a strikingly unique nuclear topography (e.g., Brinkley et al., 1986) , which may be linked to their transcriptional activity (Haaf et al., 1990) . Telomere FISH showed proximal telomeres fused into a bright staining "telocenter" at the periphery of the nucleolus associated heterochromatin clusters (Fig. 9 b, small arrow) . (e) Pachytene nucleus displaying intensely stained SCs meandering through the nuclear lumen. Telomeres, at the ends of SCs, are seen exclusively at the nuclear periphery. Bar, 5 ~m; conventional fluorescence microscopy.
Distal telomeres also appeared clustered (Fig. 9 b) . T E M -ISH (not shown) confirmed this distribution.
Human Prophase Nuclei Exhibit Similar Motifs of Centromere and Telomere Distribution
To address the question whether the centromere and telomere behavior observed in mouse spermatogenesis harbors conserved motifs of the mammalian meiotic pairing process, human paraffin testis sections were also hybridized with telomere and human pancentromeric a-satellite (Mitchell et al., 1985) D N A probes (Fig. 11) . Similar to the mouse, human spermatogonia exhibited numerous satellite and telomere signals distributed throughout the nucleoplasm (Fig. 11 a) . Nuclei exhibiting centromeric a -s a t e llite pressed against the nuclear envelope and showing interior and peripheral telomeres were detected as well (Fig. 11, b and c) . This centromere/telomere topology corresponds to the one of mouse mid-preleptotene meiocytes. Nuclei exhibiting a chromosomal bouquet (Fig. 11, d and e) showed clustered peripheral telomeres, while most centromeres were seen in the nuclear interior (Fig. 11, e-f ). This distribution is in accordance with observations made by serial sectioning (Rasmussen and Holm, 1978) , but contrasts with the mouse bouquet stage where aggregation of proximal telomeres leads to the formation of a peripheral chromocenter (see above). Human meiocyte nuclei with exclusively peripheral telomeres (leptotene-pachytene; see Rasmussen and Holm, 1978) showed most centromeres in the interior (Fig. 11, g-h) . Human Sertoli cell nuclei, like those of the adult mouse, exhibited a unique nuclear morphology. A large nucleolus was capped by satellite DNA, while smaller satellite clusters and telomeres were seen throughout the nucleoplasm (Fig. 11/' ).
Discussion
This investigation provides a detailed analysis on the chromosome as well as centromere and telomere distribution in premeiotic and meiotic cells of mouse and man. In both species homologues were variably arranged and separate in the vast majority of meiotic stem cells (spermatogonia) investigated. These findings are consistent with the absence of premeiotic association of homologous telomeres in human leptotene spermatocytes (Rasmussen and Holm, 1978) , sex chromosomes at leptotene (Armstrong et al., 1994) , X homologues at leptotene in human oocytes (Cheng and Gartler, 1994) , and of Y homologues in human X Y Y prepuberal gonocytes (Ragg et al., 1995) . In the mouse, alignment and pairing of homologous chromo- some-8 regions were associated with the formation of a chromosomal bouquet at the preleptotene/zygotene transition. Bouquet formation was preceded by a drastic, consecutive redistribution of centromeres and telomeres (Figs. 3 and 6 ), which did not profit from an apparent Rabl orientation of early meiotic chromosomes. Still, a Rabl orientation detected in some plant species (see Fussell, 1987) and tupaia somatic cells (Haaf and Ward, 1995) may facilitate bouquet formation at earliest meiotic prophase.
It has been suggested that the chromosome pairing process in mouse spermatogenesis initiates after premeiotic DNA replication (Guitart et al., 1985) . This view is corroborated by our observation that the repetitive and presumably late replicating target DNA illuminated with the mouse chromosome-8-specific probe revealed signal doublets in a subset of mid-preleptotene nuclei (Fig. 5 b) , a hybridization pattern that is indicative for replicated target DNA (Selig et al., 1992) . It has been calculated that the time from premeiotic DNA replication to the onset of zygotene in the male mouse is only ~6 h or less (Oud and Reutlinger, 1981) . According to this timing, the pairing process has to be very rapid and efficient.
The FISH patterns observed with the chromosome-8-specific probe at mid-preleptotene seem also to indicate that separate sister chromatids after DNA replication soon get tightly joined by a meiosis-specific factor other than catenation or incomplete replication (see Miyazaki and Orr-Weaver, 1994; Maguire, 1995) . This is reflected by the absence of signal doublets from late preleptotene on. As the illuminated target region represents a repetitive DNA (Boyle and Ward, 1992) and the state of local chromatin conformation may be sensitive to technical variation, e.g., in the denaturation step, further studies are required to clarify this issue.
Centromere Movements to the Nuclear Envelope Precede Telomere Movements
According to the in situ analysis of prepuberal mouse testis cells the first detectable event at the chromosomal level of the meiotic pairing process is the transition of the centromeres to the NE during~mid-preleptotene (Table II) . Due to their physical proximity in the exclusively acrocentric mouse chromosomes, proximal telomeres follow these movements, while distal telomeres still locate in the nuclear interior and move somewhat later to the NE. Intranuclear association of distal telomeres detected in a subset of mid-preleptotene nuclei (Fig. 4 b) could be involved in orienting homologous chromosome territories (arms) before their transition to the NE.
A centromere and telomere distribution corresponding to the mouse mid-preleptotene topology was also detected in a subset of human spermatogenetic nuclei (Fig. 11, b and c). This topology represents a conserved motif of the mammalian pairing process. In human meiocytes with peripheral telomeres most centromeres were remote from the NE. This distribution contrasts with the exclusively peripheral centromeric satellite cluster distribution in mouse zygotene and pachytene nuclei. This discrepancy most likely reflects the predominantly submetacentric chromosome morphology in the human karyotype and suggests that peripheral satellite clustering during mouse meiotic prophase (Hsu et al., 1971 ; this report) is a secondary effect brought about by telomere movements (Fig. 3 B) .
It can be assumed that the sequential transition of centromeres and telomeres to the NE (e.g., Figs. 2 and 6) requires the interaction of these chromosomal domains with some component of the nuclear matrix. TEM-ISH analysis suggests that attachment of telomeres to the inner nuclear membrane may involve telomeric (TTAGGG)n sequences (Fig. 10, c and d) . In spread pachytene bivalents these locate at the ends of the SC cores (Moens and Pearlman, 1990) and exhibit a unique loop size (Heng et al., 1996) . In human somatic nuclei it has been shown that terminal telomere sequences copurify with the nuclear matrix fraction (de Lange, 1992) . At preleptotene telomere/nuclear matrix interactions could be used to move telomeres along the surface of chromosome territories to the NE (see model below).
Centromere and Telomere Movements Represent Conserved Motifs of the Pairing Process
The observed movements of meiotic centromeres and telomeres are distinct from the ones observed during the mi-totic cell cycle of mouse (Vourc'h et al., 1993) and human cells (Ferguson and Ward, 1992 , Weimer et al., 1992 , Hulsplas et al., 1994 . Premeiotic (spermatogonia) and Leydig cells exibit a centromere/telomere distribution similar to somatic cells such as mouse lymphocyte nuclei (Vourc'h et al., 1993) . Sertoli cells, in contrast, display a unique type of centromere and telomere clustering, that is possibly related to their high transcriptional activity (Haaf et al., 1990) .
Transient centromere and telomere movements during mouse and human meiosis, in principle, seem to parallel motifs of the pairing process recently established for the zygotic and asynaptic meiosis of the fission yeast S. pombe. In S. pombe, prophase telomere clustering is established at the onset of meiotic prophase and maintained throughout the entire meiotic prophase (Chigashige et al., 1994; . The observations so far compiled in most, if not all, synaptic organisms suggest that telomere clustering represents a transient step during leptotene/zygotene (von Wettstein et al., 1984; Dernburg et al., 1995) . The duration of chromosome polarization, however, may differ considerably between organisms (e.g., B61~r, 1928; Scherthan, 1995) .
In mouse testis sections the number of fully polarized nuclei observed at the late-preleptotene/zygotene transition was <1%, and ~0.5% at pachytene in air dried preparations of mouse ovaries (Speed, 1982) . These findings, together with the observation that even meiocytes of a symplast exhibited variable degrees of telomere clustering, suggest full bouquet formation to be an extremely short, transitional stage. It can not be excluded, however, that a considerable fraction of meiocytes passes through meiotic prophase without reaching a full bouquet stage.
Meiotic Telomere Movements May Relate to Nuclear and Chromatin Motion
Exceedingly complicated and saltatory nuclear and chromatin movements have been observed during leptotene/ zygotene in live rat and insect meiocytes (Rickards, 1975; Parvinnen and S6derstr0m, 1976) . These observations apparently reflect the movements of numerous chromosome ends and chromosomes toward the cluster site. It can be assumed that the concerted movements of groups of ends and/or movements of numerous individual ends toward the cluster site could induce rotations and movements of the entire nucleus with respect to the centrosome. The convergence of telomeres is consistent with the formation of a few chromocenters during bouquet formation. Little is known, however, about the mechanism(s) by which these forces are created. Both, cytoplasmic forces generated by a tubulin-dependent mechanism (e.g., Rickards, 1975; Salonen et al., 1982; Svoboda et al., 1995;  for review see Loidl, 1990 ) and internal nuclear forces (for review see de Boni, 1994) may be involved. Filamentous transmembrane connections between telomere attachments at the inner nuclear membrane and spherical dense structures at the cytoplasmic nuclear membrane of human meiocytes (see Boiko, 1983) could be involved in linking telomere attachments to the converging rails of tubulin which have been observed to encase the mouse spermatocyte I nucleus (Cherry and Hsu, 1984) .
Homologues Align before Synapsis Initiation
Combined immunostaining of axial element proteins and telomere FISH revealed intranuclear protein aggregates in late-preleptotene nuclei. Dispersion of AEPs from the protein aggregates into chromosomal chromatin was observed at tight telomere clustering (Fig. 6 e) . Initiation of synapsis was also observed in fully polarized nuclei (Fig. 8 a) . The low number of cells detected at this transitional stage suggests a rapid assembly of these proteins into stretches of SCs. This implies that during bouquet formation meiotic chromosomes must have adopted their elongated conformation before axial/lateral element assembly. Furthermore, a substantial number of chromosomes or chromosomal regions has to be prealigned, allowing for synapsis initiation at multiple points in the nucleus. This is consistent with observations from spread meiocytes of mouse (Guitart et al., 1985) and other organisms (e.g., Hasenkampf, 1984; Albini and Jones, 1987) . Thus, it can be concluded that telomere movements toward the cluster site precede synapsis initiation and are most likely associated with a homologue search and prealignment process. Polarization of prophase chromosomes provides for a favorable topological (bent) conformation of meiotic chromosomes, that helps to reduce and resolve entanglements of chromosomes before synapsis initiation.
In a few mouse bouquet nuclei groups of proximal telomeres were relocated from the cluster site, where the majority of telomeres were still seen in association. Telomere movements that lead to telomere dispersion over the NE post-bouquet (e.g., Glamann, 1986) could be associated with the migration of centrioles (e.g., Hughes-Schrader, 1943; Moens, 1974) or condensational forces (Scherthan et al., 1992; Weiner and Kleckner, 1994) . It is tempting to speculate that homologues that have faithfully prealigned at the cluster site are rapidly removed from this site once they have initiated stable interactions. This would reduce the expenditure on homologue search of the remaining ones, a hypothesis that is consistent with the asynchronous onset of synapsis (Rasmussen and Holm, 1978; Jones and Croft, 1986; Santos et al., 1993) .
Polarization of Early Prophase Chromosomes May Contribute to Homologue Search
Chromosome 1 territories painted in human spermatogonia were often separate and similar in shape to territories seen in somatic cell types (Fig. 2 a) . During meiotic prophase their shape transforms into the well-known, threadlike chromosomes. In the mouse, this transformation was documented by an increase of the signal diameter and a change in the morphology of the chromosome-8 repeat signals. The unique chromosomal architecture of elongated chromosomes in the polarized nucleus may facilitate the congregation and alignment of numerous chromosome ends within a limited region of the nucleus, thus increasing the efficacy of homologue search (see Scherthan, 1996) .
Homologue Pairing: A Model
Unifying our observations with present knowledge of the pairing process a model can be suggested (Fig. 12) . Ac- Mid-preleptotene: DNA replication is completed, all centromeres have moved to the NE, while telomeres lag behind (some of these associate in clusters within the nucleus). Chromosome territories start to elongate. (c) Telomeres have moved and attached to the NE, while chromosomes have adopted an elongated conformation (late-preleptotene, leptotene). Centromeres of metacentric chromosomes are remote from the NE, while centromeres of acrocentric chromosomes occupy a peripheral position. (d) Multiple encounters between elongated chromosomes contribute to homologue recognition. Presynaptic alignment is achieved during convergence of telomeres (e.g., late preleptotene/zygotene in mouse; leptotene/zygotene in human [Rassmusen and Holm, 1978] , prezygotene in maize [Dawe et al., 1994] ; prepachytene in mosquito [cf. Fig. 8 a; Wandall and Svendson, 1985] ). (e) At tightest telomere clustering most chromosomes have aligned for a considerable fraction of their length, which still allows for resolution of entanglements of territories. (f) Presynaptic alignment is transformed into synaptic pairing. Ends of connected homologues (smaller ones probably first) are removed from the cluster site (e.g., gray chromosomes). (B) Alignment pairing of rearranged chromosomes with their normal homologues at the bouquet stage. (a) Inversion loop formation cording to this model premeiotic chromosomes occupy compacted, in most species, predominantly separate territories. Telomeres locate at the surface of these territories, and centromeric regions would also locate near the surface of territories (Fig. 12, A, a) . The meiotic pairing process initiates after premeiotic D N A replication by transition of centromeres to the NE (Fig. 12, A, b) , which ensures the NE contact of each chromosome territory. Telomeres, initially at the surface of territories, now move toward the inner nuclear membrane and attach to it. When telomeres have attached to the NE (e.g., late-preleptotene in the mouse), chromosome territories develop into long, thin cords with centromeres of submetacentric chromosomes remote from the NE (Fig. 12, A, c) . Subsequently, telomere movements toward the cluster site produce numerous encounters among now elongated chromosomes, which contribute to homology testing at exposed pairing sites (Fig. 12, A, d) . Convergence of chromosome ends increases the efficacy of homologue search and leads to prealignment of bent homologues (Fig. 12, A, e) . These initiate stable interactions and relocate from the cluster site (Fig. 12, A, f) . According to this view, breakage and reunion of lateral elements for interlock resolution during zygotene (yon Wettstein et al., 1984) likely represent a mechanism for the removal of a few persistent interlocks.
The attractive features of the outlined model are that it can easily deal with highly variable chromosome distributions within the premeiotic nucleus and that it allows for the efficient pairing of rearranged chromosomes (Fig. 12  B) . Inversion heterozygotes would lead to the formation of inversion loops, reciprocal translocation heterozygotes would form quadrivalents, and even a ring chromosome could efficiently pair with its intact partner (Fig. 12 B, a-c) . The only prerequisite for the efficient pairing under these circumstances is that chromosomes maintain their bent configuration at the cluster site to allow for homology testing of aligned chromosomal segments. A simple 180 ° twist in one chromosome of, e.g., a pair of bent-aligned inversion heterozygotes, would facilitate inversion loop formation (Fig. 12, B a) . When this spatial conformation is stabilized by crossovers, it will be seen as an inversion loop after spreading (e.g., Moses et al., 1984; Maguire and Riess, 1994) . Alignment and pairing of rearranged chromosomes would require a surplus of chromosome maneuvers and thus more time for proper pairing. Accordingly, a rearranged chromosome and its normal homologue should show a strong tendency to be the last to pair. Prolonged prophase and impairment of spermatogenesis have been observed in mice with rearranged chromosomes (for review see de Boer and de Jong, 1989) . However, efficient pairing of multiple Robertsonian translocation heterozygotes obviously facilitated by bent alignment has been observed (Johannisson and Winking, 1994) . Chromosome polarization, which has also been detected during prophase I in haploid rye (Santos et al., 1994) , could be the underlying mechanism of foldback pairing (Gillies, 1974; Santos et al., 1994 ) and end associations (Loidl et al., 1991) frequently encountered in haploid meiosis. It may also mediate associations of nonhomologous chromosomes that have been observed to precede distributive disjunction (Loidl et al., 1994b) .
